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INTRODUCTION
Characteristicssuchas drop velocity, drop size,number density, volume flow rate,
volumeflux, and evaporationrate of the fuel spray in a rocket engineare directly related
to engine performance. Severalstudies of shear coaxial atomization have been done ill
the past[l, 2]. However,additional work related to spraysat supercritical and transcritical
conditionswouldbeuseful.The author undertooka study of the feasibilityof usingaphase
Doppler particle analyzer (PDPA) for spray measurementsin rocket enginesas a part of
the SummerFaculty FellowshipProgramat the NASA Marshall SpaceFlight Center.
The PDPA is a single particle counter (SPC) system basedon light scattering fl'om
sphericalparticles. The PDPA instrument is basedon refractive and reflective scattering
asopposedto other instruments basedon diffractive scattering. The main advantageof
the PDPA instrument is its ability to providepoint-wise information.
The following sectionsdescribethe principle of operation of the PDPA system and
the data obtained using _ P DPA instrument in a spray formed by a commercially awLilable
fuel injection nozzle.
PHASE DOPPLER SYSTEM
A light ray incident on _ transparent sphere will emerge at an angle dependent on
the path of the ray and the size of the sphere. Snell's Law of redaction, which states:
cos r = m cosr', in which m is the reDactive index of the drop medium, and r and r' are
the angles made with respect to the interface tangent by the incident and the refracted
rays, respectively, may be used to determine the path traced by a ray as it traverses a
transparent sphere. For a ray emerging from the drop without any reflection, van de
Hulst[3] has shown that the scattering angle 0 is given by the expression: 0 = 2(r' -r).
When there are two beams incident on the sphere, they will interfere after they emerge
from the sphere. Defining a new parameter r/ as
71 = 2a(sin r - m siffr') (1)
in which the parameter c, is defined as: a = 7rd/k.
The amplitude functions associated with beams 1 and 2 for linearly polarized light,
for a = 71, are given by
(2)
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S12(771,, 0, d) = v_2exp(jo2) (3)
The first subscript in the above equations is used to denote Polarization 1, perpen-
dicular the scattering plane. When a spherical particle travels through the intersection of
two laser beams, it will scatter light from each beam. The scattered light due to the two
beams may be described using the following expressions.
El(m, O, d) = Sll(m, O, d)exp(-jkr + jwtt)/jkr (4)
Eo(m, O, d) = Sin(m, O, d)exp(-jkr + jcu2t)/jkr
where k = 2 _,/A, is the wave number, and ca is the anguhu flequency. Tile LoCal scat.Let
is obtained by summing the complex amplitude from each beam. The resultant intensity
is given by
I(m, 0, d) = ((modE1)2 + (modE2)2 + 2 mod (El) mod (E2) coscr) (6)
where a is the phase difference between the scattered signals. Notice that the first two
terms are independent of or, and therefore, represent the pedestal component of the signal,
and the last term involving a gives rise to a sinusoidal intensity variation. Since the beam
intersection angle, % is small (less than 10 deg.), the scattering angles, 01 and 0__, of
the pairs of rays that reach a common point and interfere are nearly equal. Therefore,
the amplitude functions, S1 and So_, of the two beams are also nearly equal. Figure 1
(reproduced flom Ref. [4]) is a photograph of the scattered light intensity pattern. When
the drops travel through the probe volume, the fringe pattern appears to move at the
Doppler difference frequency, which is a function of drop velocity, beam intersection angle
and the light wavelength. The spatial flequency of the fringe pattern is a function of the
drop diameter, angle of observation, light wave length, and drop reflactive index. The
fringe pattern can be detected by using a photomultiplier tube (PMT) whose output can
be displayed on an oscilloscope as aDoppler burst signal.
A schematic diagram of the instrument is shown in Figure 2. The fl'inge spacing, 5, is
given in terms of the wave length, _ and the beam intersection angle, 7, by the following
expression
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= _/2 sin(-),/2) (7)
The drop velocity, v, is directly related to the Doppler difference frequency, fd, and
is given by
v = fd6 (8)
The particle magnifies the fringe pattern onto a receiver to different degrees relative to
its size. The fiinges move past tile detectors at the Doppler difference fi'equency producing
identical signals, but with a phase shift proportional to the fringe spacing. The spatial
wave length, A, is given by the following expression
A = 2_5'1-__/¢1-2 (9)
in which S is the spacing _tnd ¢ is the phase angle between Detectors 1 and 2.
RESULTS AND DISCUSSION
The spray investigated in this Study was that of the Delavan 27700-1 fuel injector[5]
used in jet engines. The injector is a pressure atomizer having a flow rate of 0.5-1.0 kg/hr.
Distilled water was used as the injection fluid, and the injection pressure was 90 psig. A
flow visualization study was conducted first to establish the overall features of the spray.
The spray was illuminated using a laser light sheet, and still pictures of the spray was
taken at different camera shutter speeds, the maximum of which was 1/8000 s. These flow
visualization pictures provided the time-averaged and instantaneous overall features of the
spray. The PDPA system was then used to make quantitative measurements. Radial
profiles of mean velocity and mean drop size were obtained at different axial locations.
Volume flux, volume flow rate and number density information was also provided by the
PDPA software.
Figure 3 is a representative result from the PDPA measurements. The figure shows a
radial profile of the Sauter mean diameter (SMD) at an axial distance of 38.1 mm measured
from the injector exit. Characteristic of this class of injectors, the drop size is sm_dlest
at the axis and increases to a maximum towards the edge of the spray. A few very large
drops were seen at the outer edge.
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FUTURE WORK
The present work has demonstratedthat the PDPA is a useflfl instrument for in-
vestigating rocket engineperformance.The instrument, with careful implementation,can
provide critical information regardingthe complexmechanismsinvolved in the high pres-
surecombustionenvironment. However,any suchstudy shouldbe carefully designedand
implemented in order for it to provide further understanding of rocket enginebehavior.
It is recommendedthat the PDPA instrument be usedto participate in the NASA/LeRC
study of singleparticle counter (SPC) instruments[6].
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